Abstract: A simple design of an ultrabroadband and high-efficiency reflective linear polarization convertor is presented in the optical frequency region. This ultrabroadband convertor is formed from the planar anisotropic metasurface using a meander wire structure. The numerical simulation demonstrates that the polarization conversion ratio over 90% is achieved from 181 to 506 THz, which is equivalent to 94.6% relative bandwidth for y-polarized incident lights under normal incidence. Further simulation results show that the high polarization conversion efficiency can be sustained well when the incident angle increases to 45
Introduction
Metamaterials (MMs) are artificial subwavelength structure composite materials with unusual electromagnetic (EM) or light responses that are not available in natural materials [1] - [3] . In past decades, research on MMs has made significant progresses in negative refraction [2] , [4] , cloak [5] , [6] , perfect absorber [7] , [8] , and anomalous refraction or reflection [9] , [10] . In recent years, more attention has been paid on the polarization manipulation using plasmonic MMs or metasurface [11] - [16] . Polarization is one of the fundamental and important properties of EM waves or lights. Lots of efforts have been made to manipulate the polarization states at will due to its potential applications in some areas, such as wireless communications, liquid crystal display, optical data storage, and so on [17] - [19] . Conventional material or methods to manipulate the polarization include using optical gratings and nematic liquid crystals based on birefringence or Brester effects [20] - [22] . These traditional approaches usually required a long propagation distance to obtain enough phase accumulation and need bulky configurations. In addition, when using conventional birefringent materials, the realization of simultaneously achieving broadband or high polarization manipulation efficiency is usually difficult. Compared with the traditional material or methods, the polarization manipulation using MMs or metasurface has some advantages including subwavelength microstructure, high conversion efficiency, and scalability [16] .
Recently, from microwave to optics, several different convertors and rotators based on metasurface for polarization manipulation have been proposed [11] - [16] , [23] - [41] . Chiral metasurface have been supposed as an efficient approach for transmission polarization manipulation components, which could achieve linear to linear [22] - [24] , linear to circular [25] , and circular to circular [26] , [27] polarization conversion. Although these chiral metasurface can achieve high efficient, they usually have some disadvantage of narrow bandwidth or complex designs required using multilayered structures, which extremely limits their practical applications. For reflection polarization conversion, using anisotropic metasurface have been demonstrated an efficient approach [30] - [33] , [38] , [41] . The quest to design an efficient component for polarization manipulation in reflective configuration is being in progress. Feng et al. proposed broadband polarization rotator using anisotropic split-ring structure based on multi-order plasmon resonances and high impedance surfaces [15] . Then, the other novel anisotropic metasurface structure, such as V-shaped [31] , anchor-shaped [32] , double split ring [33] , [34] , I-shaped [35] , oval ring shaped [36] , cut wire shaped [37] , L-shaped [38] - [40] , and continuous wire [42] can achieve broadband and efficient reflective linear polarization conversion. The operation bandwidth can be expanded in some degree by superimposing different resonance modes within a unit cell. However, up to now, reflective polarization convertors with near unity conversion efficiency as well as ultrabroadband (the operation with 90% polarization conversion bandwidth is greater than 90%) are not achieved, especially in the optics region. Thus, it is still highly desirable to design a broadband cross polarization converter with high efficiency and subwavelength dimensions due to the significant importance of potential optical applications.
In this work, we present a plasmonic planar anisotropic metasurface that is capable of converting linear polarization to its cross-polarization in reflection mode in optical frequency region. This metasurface used as polarization convertor is consisted of a periodic array of meander wire structure (MWS) resonator sandwiched with a dielectric substrate and ground plane. The designed MWS resonator combined with ground plane can form a Fabry-Perot-like cavity, enhancing the polarization conversion efficiency between two orthogonal linearly polarized waves in reflection mode. The operation bandwidth can be extended extremely based on multiple plasmonic resonances. Moreover, the ultrabroadband characteristics of the converter can be sustained well at the incident angle up to 45
• for both transverse electric (TE) and transverse magnetic (TM) polarization modes. Thus, the designed convertor has great application values in novel polarization-control devices due to its merits of high efficiency and ultrabroadband characteristics. This work also could enable other types of photonic devices with broad operational bandwidth, high efficiency, and wide angle characteristics.
Design and Simulation
We consider a plasmonic planar anisotropic metasurface using MWS functioned as an optical polarization convertor, as depicted in Fig. 1 . Fig. 1(a) and (b) illustrate the geometry of the optical polarization convertor structure. Our design is composed of a metallic MWS array placed near to a continuous gold film and separated by MgF 2 dielectric spacer, as shown in Fig. 1(c) . This design can form a Fabry-Pérot-like cavity, leading to consequent interference of polarization couplings in the multi-reflection [13] . The transmittance of the structure is totally eliminated and is zero across the entire frequency regime due to the presence of the gold mirror. The ground plane is continuous and very thick compared to the skin depth of gold. Thus, it is benefit for polarization manipulation in reflection mode. The structure is periodic along the x and y axes with periods p x and p y of 200 nm to avoid diffraction at the normal incidence for frequencies up to 1500 THz. The optimized parameters of the convertor unit cell are as follows: p x = p y = 200 nm, l = 180 nm, a = 70 nm, w = 10 nm, g = 5 nm, t m = 20 nm, t 1 = 120 nm, and t 2 = 50 nm, respectively. The permittivity of MgF 2 spacer is ε = 1.9, and the gold is described by a frequency dependent Drude metal
with plasma frequency ω p = 1.37 × 10 16 rad/s and collision frequency γ = 8.04 × 10 13 rad/s [43] . In Fig. 1(c) , the x-and y-axes are used to mark light wave polarization direction, while u-and v-axes are used to mark the structure anisotropic axes. The MWS has a similar symmetric axis marked by u-axis along α = 45
• direction with respect to y direction. Thus, the proposed MWS metasurface can be regarded as an anisotropic homogeneous MM layer.
In order to verify the polarization conversion performance of our design, full wave simulations were performed using the frequency domain solver based on finite integration technology (FIT) in CST Microwave Studio. The periodic boundary conditions are applied to the x and y directions, and the absorbing boundary conditions are applied to the z direction. In simulation, the distance between the receiver port and the structure is 500 nm in order to only get the enough propagating information of the reflected light [37] . Thus, the near-field effect of the gold MWS and continuous film on the reflected light can be neglected. The reflected light waves consist of both x-and y-polarized components, even when the incident lights are in only one of the two polarization states. To describe effectively the reflective characteristics of the converter, we define r xx = |E The subscripts x and y indicate the polarization directions of light waves, corresponding to the TM and TE polarization modes, respectively, and the superscripts i and r denote the incident and reflected light waves, respectively. To measure the conversion performance, the polarization conversion ratio (PCR) can be defined as [8] 
Results and Disscussions
Fig. 2(a) presents the simulated magnitudes of co-polarization reflected coefficients (r xx and r yy ), and cross-polarization reflected coefficients (r yx and r xy ). It can be observed that the cross-polarization reflected coefficients (r yx and r xy ) are equivalent and up to maximum at f 1 = 195 THz, f 2 = 309 THz, and f 3 = 470 THz, respectively. These three resonances correspond to high reflection observed in cross polarization reflection coefficients (r yx and r xy ). It means that nearly all energy of incident lights with x-pol. (y-pol.) is converted to y-pol. (x-pol.) ones after reflection at above three frequencies. The co-polarization reflected coefficients (r xx and r yy ) are decrease to minimum at above three resonance frequencies. It also can be observed that there exists another resonance frequency of 515 THz for normal incident x-pol. light, which is mainly due to the geometric design of the MWS. However, the cross-polarization reflected coefficients of both r yx and r xy are greater than 90% from 181 THz to 506 THz, which is equivalent to 94.6% bandwidth, while the co-polarized reflection coefficients of both r xx and r yy are less than 30%. It indicates that a linearly polarized light converts into its cross polarization almost completely after reflection by our designed anisotropic metasurface at this ultrabroadband frequency range. As shown in Fig. 2(b) , the PCR x is greater than 90% from 181 THz to 520 THz, while the PCR y is greater than 90% from 181 THz to 506 THz, and both of which reach 99% at resonance frequencies. The results demonstrate the capability of linear polarization conversion by 90
• with high polarization purity over a broad bandwidth, and the relative bandwidth is up to 96.7% and 94.6% for incident lights with x-pol. and y-pol., respectively. Actually, this bandwidth enhancement operation results from the superposition of multiple polarization conversion peaks around 195 THz, 309 THz, and 470 THz, which mainly benefits from the Fabry-Perot-like resonance inside the two metallic layers [13] , [32] . Owing to an overlap of resonances, the cross-polarization is enhanced while co-polarization is reduced extremely in overall reflected fields at resonances.
To further demonstrate the polarization conversion performance of the designed anisotropic metasurface, we simulated the PCR y and PCR x under oblique incident lights with TE and TM mode polarizations, as shown in Figs. 3(a) and (b) . It can be observed that the polarization conversion performances can be still remained well generally for both of the x-pol. and y-pol. lights as incident angle increases in the working frequency band. In detail, when the incident angle is below 45
• , the PCR y and PCR x are always greater than 80% over the interested operation frequency band, revealing that this ultrabroadband and high-efficient performance is sustained over a wide incidence angle range. Such wide-angle properties can provide convenience in some practical application areas. It also means that when we use the proposed anisotropic metasurface to convert the polarization of incident lights in an oblique incidence, which also can be operated well.
We can get an intuitive understanding of the resonances for the ultrabroadband polarization conversion by modelling the MWS as an anisotropic metasurface layer. We first assume the incident lights' polarization direction has an angle α = 45
• with respect to v-axis, as shown in Fig. 1(a) . In this case, the electric field E i and E r of the incident and reflected lights at first interface plane can be described as E i = (E i uû + E i vv )e i (−κz+ωt) and E r = (r u E i uû + r v E i vv )e i (κz+ωt) , respectively, where r u v = e ϕuv is the reflection coefficient along the u(v)-axis and ϕ uv is the phase difference after reflection,û andv are the unit vectors in u and v directions, respectively. At the resonance frequencies, the phase difference ϕ uv of the reflected electric components E u and E v will be close to 
0
• or ±180
• [44] . Thus, the reflected electric vector E r will be rotated by 2α = ± 90 • , finally leading the enhancement of the cross polarization of reflection lights.
To further investigate the resonance mechanism of the ultrabroadband polarization conversion with the use of the proposed anisotropic metasurface, we simulated the surface current distributions on the top and bottom layers at resonant frequencies of f 1 = 195 THz, f 2 = 309 THz, and f 3 = 470 THz, respectively, as shown in Fig. 4 . For the normal incident y-pol. light, electrons on the yorientation are excited firstly and form an oscillating electric dipole, which will be decomposed to two components in u and v directions with two orthogonal electric-field vectors of E u and E v , respectively [31] . The excited dipole of the MWS partly couples to the dipole mode at the bottom, leading to polarization rotation in reflection. At each resonant frequency, the surface currents along the MWS resonator can produce induced currents on the ground plane [31] - [33] . Thus, the resonance properties of the convertor can be determined with the directions of the induced currents of MWS resonator and the ground plane at the resonant frequencies [31] . At the lowest resonance frequency of 195 THz, as shown in Fig. 4(a) , it can be observed that the surface currents along the length axis (u-axis direction) of MWS resonator are antiparallel to the induced currents of the ground plane, forming current loops in the dielectric substrate. Obviously, in this case, the MWS only response to the E u component of the incident y-pol. light and form a magnetic dipole resonance. At the second resonance of 309 THz, as shown in Fig. 4(b) , the unit cell structure only response to the E v component of the incident y-pol. light and form a magnetic dipole resonance. In contrast, as shown in Fig. 4(c) , at the highest resonance frequency of 470 THz, the surface currents along the length axis (u-axis direction) of the MWS resonator are parallel to those induced on the ground plane, which generate the electric dipole coupling resonance. Thus, our design can be operated in an ultrabroadband by optimizing the geometric parameters due to its multiple resonance characteristic.
We can further analyze the reflection polarization conversion characteristics of proposed converter quantitatively by using interference theory based on the Fabry-Perot-like resonance inside the two metallic layers [13] , [31] , [32] . Here, we just consider the x-pol. lights incident into the converter due to the similar geometric symmetric design of the unit cell. In our design, the proposed converter can be considered as a coupled system, all possible near-field interactions between MWS array and ground plane can be accurately taken into account. In this coupled system, the x-pol. component of the incident lights on the air-MWS interface are partially reflected back to the air and partially transmitted into the dielectric substrate, forming cross polarization reflected and transmitted lights. Owning to the polarization conversion of the MWS array, the reflected and transmitted lights both have x-pol. and y-pol. components, respectively. Thus, the two reflection and transmission coefficients can be written as r xx = r xx · e ϕ xx , r yx = r yx · e ϕ yx , t xx = t xx · e φ xx , and t yx = t yx · e φ yx , respectively. Subsequently, the transmitted lights continue to travel in the dielectric spacer until they encounter the ground plane with a complex propagation phase β = √ ε r k 0 d, where k 0 is the free space wavenumber. The reflection coefficient will be −1 after propagation lights completely reflected to the dielectric spacer. The partial reflection and transmission lights arrive at the air-spacer interface again from reverse direction after additonal propagation phase β in dielectric spacer. Similarly, the x-pol. and y-pol. lights are partically reflected to the dielectric spacer with reflection coefficents r xx = r xx · e ϕ xx , r yx = r yx · e ϕ yx , r xy = r xy · e ϕ xy , r yy = r yy · e ϕ yy , and partically transmitted to the air with transmittion coefficents t xx = t xx · e φ xx , t yx = t yx · e φ yx , t xy = t xy · e φ xy , and t yy = t yy · e φ yy at the interface. The x-pol. and y-pol. lights propogation process between the 'touching' the air-spacer interface two times is defined as a roundtrip as marked in the Fig. 5 . The overall reflections for x-to-x and x-to-y polarization are consisted of superposition of multiple reflections. The cross-polarization (x-to-y polarization) and co-polarization (x-to-x polarization) reflection coefficiencies for the incident x-pol. lights, respectively in different roundtrips, can be expressed as the following forms: Then, the overall reflection is the superposition of the above multiple reflections. The overall crosspolarization and co-polarization reflection coefficent can be expressed as r yx = r yx + ∞ j=1 r yj and r xx = r xx + ∞ j=1 r xj , respectively, where r yx and r xx refer to cross-polarization and co-polarization reflecttion coefficients directly reflected by the MWS array, the other terms are the reflections resulting from superposition of the multiple reflections between the MWS array and ground plane.
It should be noticed that the co-polarization reflection coefficient r yy will be very small when destructive interference occurs between the first and other terms of the co-polarization reflections. The cross-polarization will be enhanced extremely if r xy is nearly zero, and polarization conversion is realized accordingly. There are total 12 complex parameters besides β in the above equations. These parameters can be obtained through numerically simulating the proposed structure without the ground plane as shown inset of the Fig. 6(b) . For simplicity, the parts of these parameters are shown in Fig. 6 obtained from numerical simulations.
Finally, the calculated co-polarization and cross polarizaiton reflection coefficients by submitting the reflection and transmission coefficients shown in Fig. 6 into above equations are depicted in Fig. 7 . It can be observed that the theoretical calculated reflection coefficients and corresponding PCR x based on interference theory are in excellent agreement with the numerical simulations. It should be noticed that we also can get the similar results for the incidetn y-pol. lights (not shown). The interference theory also provides a good explanation of broadband performance for reflection cross-polarizations.
Conclusion
In conclusion, we have demonstrated numerically and theoretically an ultrabroadband reflective linear polarization converter based on a simple design with MWS resonator at optical frequency. Numerical simulation results exhibit that the incident x-pol. and y-pol. lights can be converted into y-pol. and x-pol. lights after reflection, respectively. The PCR x and PCR y are greater than 90% in frequency ranges between 181 THz and 520 THz equivalent to 96.7% relative bandwidth, and between 181 THz and 506 THz equivalent to 94.6% relative bandwidth for incident lights with x-pol. and y-pol., respectively. This high polarization conversion efficiency can be attributed to the overlap of three resonances and interference effect. In addition, the high efficient polarization conversion can be sustained well in the oblique incidence with an angle at least 45
• for both the TE and TM modes. The ultrabroadband polarization conversion can also be achieved by scaling the geometrical parameters of the converter in the terahertz and microwave frequency range. Furthermore, the converter can be straightforwardly fabricated and realized by focused ion beam etching or electron beam lithography. The designed converter possesses advantages of high efficiency and wide angle over an ultrabroadband bandwidth for many potential applications in plasmonics, nanophotonics, opto-electric device, photonic device, such as optical instrumentation, antenna radiation, and polarization components for manipulating the polarization state of light.
